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INVESTIGATION OF MECHANTCAI, FASTENINGS FOR SOLID TURBINE
BLADES MADE FROM DUCTILE MATERTAIS

By Andre” J. Meyer, Jr., Albert Kaufman, and W. C. Caywood

SUMMARY

Tensile speclmens of flr-tree turblne blade root fastenings for
three sgpecific turbojet englines were tested to rupture. Short-tlme tests
were conducted at varlous temperatures ranging from room temperature to
1500° F. Iong-time tests were conducted at 1200° and 1350° F. Increas-
ing the temperature from 1200° to 1350° F reduced the expected operating
life by at least & factor of 25.

The physical strengths of the filr-tree deslgns depended solely on
the cross-sectlonal areas carrylng the tensile and shear loads, whether
provided by & few large serration teeth or many small teeth. The root
strengths correlated well wilth physlcal propertles of the blade and
wheel materlals as determined by simple tenslle, stress-to-rupture, and
l/8-1nch—d1ameter-pin long- and short-time shear tesgts.

INTRODUCTION

In the alrcraft gas-turbine fileld, almost all turbine blades made
from conventlonal heat-resisting materlsls are held in the rotor rim by
some form of serrated flr-tree root. However, large varlations exist in
the shape, size, and number of serratlons from one deslgn to the next.
Apparently, there 1s a wide difference of opinlon concerning the best
gerration design. Very llttle llterature 1s available on the design of
roots, and the information that does exlst 1s usually of a propriletary
nature.

The NACA, therefore, after a preliminary survey of the Inherent
advantages of varlous blade roots, undertook an Investigation of the
important factors affecting the strength of the fir-tree root form. Im
order to explore the problems encountered with typlcal blade roobts, three
speciflc production root deslgns were Investlgated. Test specimens fabri-
cated with the three serrated-root profiles were subjected to various
loads and temperatures until rupture occurred, and these resulte are
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correlated wlth the mechanical properties of the materials Involved.

The effect of blade vibration is not Included in this work, because
vibrations d1ffer widely from englne to englne and measurement of vibra-
tlon amplitudes In service ls very difflicult. TFurthermore, it is impos-
sible to predlct the magnitude of vibratory stresses that will exlst in
a new engine. Also, bending stresses due to blade tllt and gas forces
were not comsidered in thie report, because by careful design of the
airfoll these two effects can be counterbalanced. Bending stress in
blade roots were extensively Investlgated In reference 1 in connection
wlth cermet blades, where bendlng stresses are very important.

APPARATUS, MATERTALS, AND PROCEDURE

Specimens of several different types were used in thils inveastiga-
tion. The cne used to the greatest extent 1s shown in flgure 1. The
root shapes were cut Iin the ends of long bars so as to remove the grips
from ths furnaces. The root ends were restricted fo 1/4-inch thickness
becausge of the limited load capaclty of the stress-rupture machines.

The three filr-tree root profiles Investigated, which are speciflc designs
actuelly used in service, are designated blades A, B, and C (fig. 2).

The specimen components corresponding to the blade roote were cast from
Stellite 21 rather than forged from S-816 or other current blaje materi-
als because of the relatively low cost of Pforming and the avallabllity
of the casting material. The component representing the turbine rotor
segment was machlned from Timken 16-25-6 alloy processed In the same
menner as conventional disk forgings. The restralning flxture shown in
figure 3 was apsembled around the specimen to prevent the rotor component
from spreading under load.

Another gtyle speclmen, shown In figure 4, was used to evaluate the
strength of the turbine wheel segments between adjacent blades. The
blade component was agein cast from Stellite 21 but was made In two pleces
to facllitate grinding of serratione. The parts representing wheel seg-
ments were actually machined from productlon turblne rotors. The same
restraining clamps used with the other specimen were again used here.

In order to determine the mechanlical properties of turblne blade
and rotor materisls, the notched and unnotched tensile specimens and the
l/8-inch-diameter shear-pin specimen shown in figures 5 to 7 were uti-
lized. The testing was conducted in both screw and lever stress-rupture
machines. Chromel-alumel thermocouples wore placed In the locations
where fallure was expected.

Short-time tenslle and shear tests were run at varlous temperatures
ranging from room temperature to 1500° F. Most of the stress-rupture
tests were conducted at 1200° F and a few were run at 1350° F. In all
the elevated temperature tests, the temperature was permltted to stabllize
for at least half an hour before the load was applised.
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CALCULATION OF STRESSES

In order to determine the stresses resulting from teste of serrated
specimens, some assumption must be made concerning the shear areas of
the teeth, In determining the shear stresses, the gquestion arises as to
what cross-gectional ares 1s actually subjected to the shearing action.
From figure 8 it 1ls apparent that two dlfferent extremes of the shear
plane could be consldered, as indicated by the two types of dashed lines.
Both planes are parallel to the radial line passing through the center
of gravity of the blade, which for the roots Investigated was approxi-
mately coincident with the root center lines. One plane, however, 1s
tangent to the apex radius of the serratiom tooth applying the load.
This shear plsne would probably be In effect Just before ultimate fallure
occurred. The other plane conbaing the line where contact ls ter-
minated between the loaded and the loading tooth and should &orrespond to
the shear plane acting when load 1ls first applied before any deformation
has taken place. For all computations of shear gitress, the mean of these

two ghear ereas was used, and it was further assumed that the shear stresses

in all teeth were equal. The effective tenslile area used Iin determining
the tenslle stresses was the minlmum ares across the serration fillets.

In order to predlct the life and mode of fallure of the different
root components under the normal loads imposed by each speclflic engine
on 1ts corresponding root design, 1t 1s necessary to determine the loads
and stresses imposed on these parts during rated englne speed and tempera-
Yure. Table I presents thils Information for each of the three designs.
The operating load at the top serratlon of the blade 1s based on the
combined weight of the particular airfoll for which the root was designed,
the platform, and that part of the root above the top serration. The
shear load acting on the blade teeth ls determined by considering the
welght of the whole blade minus the projecting part of the testh. The
shear load acting on the rotor serratlons is computed by adding the weight
of the teeth on the rotor segment to the total blade welght. The tensile
load on the turbine rotor segment includes the whole blade welght and the
rotor segment beyond the neck of the bottom serratlon. From the table, it
is apparent that the highest stresses occur 1ln tenslon at the bottom rotor
gerration,

RESULTS AND DISCUSSION

Many methods .and root varlations have bheen introduced 1n the past
for attaching turbine blades to the rotor. However, only the fir-tree
forms have continused to be used extensively. In the appendix to this
report, the merits of the four basle root profiles shown In Pigure 9 are
compared and the reasons for the superlority of the fir-tree deslign are
glven. The more extensive investigations reported hereln were therefore
limited to varistions of the fir-tree configuratlon.
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Three specific root designs were tested, one wlth six pairs of
small serrations, ane with six pairs of larger serrations, and one with
only three pairs of larger serrations. These profiles are not hypo-
thetical designs but have been mass-produced and have experienced thou-
gands of hours of service operatlon. They were chosen to explore the
importent criteria for deslgning serrated roots, to observe the modes of
failure, and to Investigate the factors affecting the root strengths.
The opereting loads and stresses to which the root strengths are compared
are based on the alrfoll welght, rotor diameters, and rated speed of the
particular engine for which the root was designed.

Short-Time Teste at Various Temperatures

First, a serles of speclmens of the type shown in filgure 1 were
pulled to destructlon In relatively short times at different temperatures.
Only specimens of hlades A and B were tested, because thoge of blade C
were not avallable at the tlme of the short-time testing, and the limilted
number of speclmene recelved later were reserved for more Ilmportant tests
to be dliscugsed later.

The mechanism of failure changed according to temperature and root
proportions, as lllustrated in flgure 10. With blade A the fallure was
one of tenslon below 1200° F and shifted to a shear fallure above 1200° F.
Blade B failed In shear over the whole temperature range, with a single
tensile fallure occurring at room temperature. In order to explain the
ghift In fallure mechenlem, short-time test data for both mechaniems of
fallure were plotted against temperature for the materials involved
(fig. 11). Tensile data were taken from the literature (refs. 2 to 4)
and confirmed by NACA datas from the unnotched tensile bar (fig. 6).

Shear data were obtained by shearing 1/8-inch-diameter pins (fig. 7).

The data presented In flgure 11 for tenslon and shear of the blade
and rotor materlals are converted to load per Inch rim thickness for
all three root conflgurations In figure 12. The reason for the shift In
faillure mechaniems is readily apparent in this figure. For blade A (fig.
12(a)), the etrength is lowest across the tensile area of the blade root
below 1400° F. Above 1000° F the shear strength of the rotor material
drops more rapldly than the tenslle strength of the blade as the tempera-
ture 1s increased; and, consequently, above 1400C F the strength is lowest
at the eshear area of the serrations in the turblne rotor. In tenaile
tests of root specimens, the transition In fallure mechanism took place
at 1200° rather than 1400° F. The reascn for this discrepancy between
experimentally determined materlal propertles and root specimens is not
known. Figure 12(b) shows the lowest strength existing in shear of the
rotor segments' throughout the entire tempersture range. The proximity
of the tensile strength in the blade to the rotor shear sgtrength at room
temperature accounts for the tensile fallure at room temperature. As in
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figure 12(a), shear strengths of the specimens in figure 12(b) are again
slightly below the shear strength of the material. At first examination,
1t might be concluded that the assumed shear area is In error, dbut the
excellént correlation between the long-time specimen strength and mater-
1al shear strength based on the same assumed areas Indicates that some
other factor 1s responsible for lower shear strengths In the root than
predlcted by material data. Thils discrepancy may be caused by the lack
of perfect matching between wheel and blade root teeth due to machining
tolerances. At the hlgher temperatures, some plastic flow and creep
take place, which load the teeth equally and posslbly account for the
better correlation between specimen end materiasl properties above 1100° F
and in the long-tlme tests.

Although short-tlme tests on the root of blade C were not actually
conducted, converting the material properties of figure 11 indlcates that
a shift in type of fallure can also be expected here (fig. 12(c)). Below
1250° F the fastening should fail In tenslon of the blade rookt; above
1250° F tensile faillures of the rotor segments generally are to be
expected.

When the root speclmens are subjected to & tensile load as used in
the test machines, the results wlll correlate with figure 12. When =&
blade is In a centrifugal field as in the case in an actual engine, how-
ever, a correctlon should be applied. The rotor must carry the whole
blade and, in addition, must carry the rim weight In the centrifugal
field. Tikewlse, the rotor serratlons in shear must support their own
welght as well as the centrifugal load of the whole blade; and +the blade
serratlions must carry, In addition to the airfoil, the root weight below
the top serration neck minus the blade serration weight beyond the shear
plane. Computed correction factors are presented in table II. These
correction factors were applied to (divided into) the data of figure 12
to obtailn figure 13. Thus, In an engine, blade A (fig. 13(a)) would
again have & shift In fallure mechanism, but the transition would be one
from tenslon in the blade root to tension in the rotor root instead of
shear of the rotor serrations. At 1200° F the failure might be either
these types or shear of the rotor serratlions, since all three lines
intersect proximately.

In the engine, blade root B (fig. 13(b)) would probebly again fail
in shear of the rotor teeth throughout the temperature range, although
above 1300° F the effective rotor strength in tension decreases to
approximately the magnitude of the effective shear stremgth. Blade C in
a centrifugal fleld should fall consistently In tensilon of the turbine
rotor at all root temperatures below 1550° F, according to figure 13(c).

Begldes the blade-strength correlations, other points of general

Interest can be deduced from the short-time date at different tempsra-
tures. For example, the shear strength cannot be assumed to be an
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approximated constant ratio with respect to tenslle strength as is the
cage for many materials at room temperature. The proportion, which variles
from 50 to 100 percent, depends on both meterial and temperature (fig.
11). The rather surprising fact that the shear strength of Stellite 21
appears to be comparable in magnitude to the tensile strength (fig. 11(b))
was repeatedly checked wlth the same result. Thls result l1s probebly
explained by the relatively coarse grain strucbure of Stellite 21. Ten-
glle fallures are Iintercrystalline; but shear fallures are generally
transcrystalline, because the shear areas of the l/8-inch-diameter pins
and of the root serratlons, carrylng the shearing loads, are small and
frequently confined within the grain. Evidently, the individual crystals
or grains have shear sgtrengths equal to the tensile strengths of the
graln boundary material.

High-temperature alloy S-816 was also checked for shear strength
(fig. 11(c)) and found to have very nearly the same short-time shear
strength as Stelllte 21. Thus, I1f the fallure mechanism of & root is
shear of the blade teeth, the results with S-816 ehould approximate those
found with Stellite 21. If the failure occurs In tenslon of the blade
root, an S-816 specimen would demonstrate higher strength than a Stellite
21 specimen. = . il eivs ELiSeLL LI >y €

Reagonably close agreement was obtalned between shear properties of
the materials as obtained by loading pins in double shear snd the shesar
data of root specimens, particularly above 1200° F, the important range.
There 1s some dlfference at lower temperatures probably ceused by mis-
matching of serrationa, but still the correlation is sufficlently close
to Justlfy the use of the material properties as detemined from the
simple pin in shear test as an approximate basis for root design.

Long-Time Stress-Rupture Tests at 1200° F

Short-time data are of limited interest In jet-engine design, be-
cause the turbine assembly must attaln a reasopable operating life. In
additlon, low root temperatures are of little interest to the designer,
because the fastening must be designed to withstand the maximum operating
loads and temperatures.

The maximum rim temperature measured In reference 5 at rated speed
was 1200° F. Therefore, a series of long-time tests at 12000 F was
mede with the three filr-tree root configurations. The resulis are
presented In flgure. 14. Also Included In the flgure are operating
stresses for the four critical regions of the fastening. The point of
intersection of the horizontal opsrating-stress lines and the Inclined
lines through the siress-rupture data points Indlcates the meximum life
saxpectancy at the reted-speed condition. Actual service life would be
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three or four times this value, because only a small part of normal
operating time 1s conducted at rated or take-off speed.

The mean life of blade A (fig. 14(a)) would be well over 2000
hours, and the failure mechanism should be one of shear of the turbine
rotor serrations. Blade B (fig. 14(b)) has & much shorter life at rated
speed, and the fallure mechanism 1s agelin one of shearing of the rotor
gerrations. Blade C (fig. 14(c)) has a still shorter life, totaling 400
hours, but the rotor segment between blades should fall In tenslon across
the bottom palr of serrations. Therefore, all fallures of the roots
Investigated should occur in the rotor. Im service, tensile failures
occasionally occur in the blade root, whereas the data presented show a
congervatlve safety factor in the blade root both In tension and shear.
Thls discrepancy ls loglcally explained by the presence of vibrations
that cannot be predicted accurately.

Long-Time Tests at Increased Temperature

In the Jet-englne industry attempts are constantly being made to
Increase turbine temperatures to obtain more thrust from the same engine.
Therefore, the root-evaluation program was expanded to cover & tempera-
ture increase of 150° F (up to 1350° F). Only the turbine rotor strengths
were determined, because the blade roots gensersally operate at lower
stresses than the rotor and the blade materlals have higher strength than
the rotor materlals at the Increased temperature.

Turbine rotor A has sufficlent strength at the higher tempersasture
and could be used without alteration, provided the blade alrfoil can
elther withstand the iIncreased temperature or can be cooled by some
method (fig. 15(a))}. The life, however, is reduced from well over 2000
hours to 700 hours. Rotor B (fig. 15(b)) also would be suitable for
limited 11fe at the higher temperature, 1ts 1life belng reduced to 150
hours at rated-speed conditions. Blade root C¢ (fig. 15{(c)) would be
applicable only for short life or for expendable missile service at 13500 F
rim temperature wlthout a major redesign. The mean life is 16 hours,
compared with 400 hours at 1200° F rim temperature, or a ratio of 25 1.
If a higher constant shear stress of 20,000 psl ls assumed for both tem-
peratures for blade roots A and B, so that extrapolation becomes unneces-
sary, the ratios of life for 1200° to 1350° F are 40:1 and 33:1, respec-
tively. The mechanilsm of Pailure at 1350° F is still cme of shear of the
gerrations for roote A and B and agaln one of tension across the rotor
serrations for root C.

By replotting some of the data of figures 14 and 15 so asg to compare
like fallure mechanisms for the three different roots, some Interesting
correlations are derived. In figures 16(a) and (b) the rupture data for
the blade materials are complled along with data from several references.
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The casting alloy, Stellite 21, from which many of the root speclimens
were made, 1s apparently Insensitive to notches wilth fillets down to
0.0135-1inch radius (fig. 16(a)). The S-816, however, from the limited
data obtailned, 1s greatly affected (fig. 16(b}). Evidently, each tur-
blne blade materlal must be independently evaluated to determine the
proper mechanical properties to be used In root degign.

Por the rotor materlal, assuming the shear data as obtalned from the
gimple pin test at both 1200° and 1350° F were sufficiently accurate to
uge for design basls, the shear areas chosen for computations are appar-
ently correct, as Indlcated by the close agreement between pin and root
ghear data plotted iIn figure 16(c). Serration fillet radius had no effect
on the shear propertles, as lIndicated by the roots of different radii.
The long-time tensile properties of the rotor material, however, are
affected by fillet radius as shown in Ffigures 16(d) and (e). The effect
19 more pronounced at 12000 than at 1350° F. The unnotched NACA tensille
data for Timken 16-25-6 agree very well with the tenslle data obtained
from specimens cut from turbine disks (ref. 7).

REMARKS ON CRITERIA FOR FIR-TREE ROOT DESIGN

From the data presented, several conclusions can be drawn that
should be helpful in the design of mechanical fastenlngs for turbine
blades. The shear area as determlined from the ssectlon on CALCULATION CF
STRESSES appears to be sultable for deslgn purposes, 1f it 1ls assumed
that the data determined from the simple pin In shear test are reasonably
accurate for obtaining shear strengths for deslign when actual root models
or speclimens are not readlly available. At elevated temperatures, the
shear strength cannot be assumed as s constant ratlo or percentage of the
tensile strength as 1t frequently is at room temperature; 1t 1s dependent
on both material and temperature. The shear strength 1is not affected by
the presence or the slze of the serratlon fillets. Unnotched tensile da-
ta, however, are Inadequate for determlning the tenslle strength of elther
the blade or the rotor component of a mechanlcal blade fastening.

The blade roots of all three deslgns Investlgated were much stronger
in stress-rupture than their corresponding rotor serrations. By reducing
the blade root tenalle and shear areas in order to permlt increasing
cross-gectional areas of the rotor segments, the net strength of the
blade attachment could be greatly Increased. If the two parts were ideally
proportioned, both the blade and rotor roots would be gtronger than neces-
sary. Then the rim thickness could be reduced and the entirs engine made
considerably lighter.

Blade roots should be sllightly less conservatlve than rotors, because
a rotor fallure means the loss of a far more coetly component of the en-
gine, and a rotor fallure ie usually far more devastating than a blade
fallure.
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Bearing stresses at the contact surfaces should not be excessive butb
also should not be too low. Wlth low bearing stresses, only part of the
total number of serrations will carry the centrifugal load unless the
tolerances are unreasonably narrow or unless considerable plastic flow of
the teeth 1n tenslon or shear takes place. As a result, premature ten-
sile or shear fallure may occur. With highser bearing stresses, plastic
flow and creep will take place at the high bearings spots where it 1s
less detrimental, and the loads will become evenly distributed among all
teeth.

Root strengths can be evaluated on the basis of the physical proper-
ties of the materials and the actual dimensions for all the designs
tested. For example, shear strength of a design is determined by shear
area and material strengths in shear, whether the shear area is provided
by many small serrations or by a few large serrations. Therefore, with
respect to economy of production, since strength is not sacrificed, the
fewer number of large serrations result in the better root form. The
larger teeth and £illets are also advantageous with respect to vibration.
The fillet size had 1little effect on the tensile strength of the root but
has a large effect on the distribution and concentratlion of stresses in
the presence of vibration; and, consequently, it greatly affects the
fatigue properties. A compromise in fillet size must be retained, because
increased fillet radii tend to decrease the available areas supporting
the shear load.

Bending stresses due to blade tilt and gas forces were not consld-
ered in thls report, because by careful design of the airfoil these two
effects can be counterbalanced. Bending stresses in the root can be fur-
ther reduced by properly skewing the root axis wilth respect to the tur-
blne axis to the best alinement with the airfoil position, as outlined in
reference 1.

SUMMARY OF RESULTS

In order to explore the fallure mode and the factors affectling root
strength, short- and long-time rupture tests were conducted at wvarious
temperatures on three different fir-tree root designs from existing tur-
bojet engines. The following results were obtained from analysis of the
data:

1. The root strengths wers dependent only on the total tensile and
ghear areas avallable to support the loads and were not directly affected
by the number or size of the serratiocns providing these areas.

2. In the three configurations tested, ultimate fallure, due to a
simulated centrifugal load and temperature corresponding to normal oper-
ation of the engine for whlch the respectlve roots were designed, oc-
curred in the rotor segment. The mechaniam of faillure was shear of the
rotor teeth In two of the roots and tension across the lowest neck in the

other case.
T
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3. The ratio of the tenslile strength to the shear strength at
elevated temperature in the short-time tests varied from 2:1 to 1:1,
depending on the material and tempersture.

4. Also, the shear strength in stress-to-rupture is dependent on
material, temperature, and time, and ls not a constant proportion of the
tenslile strength In stress-to-rupture.

5. Increasing the test temperature 150° F fram 1200° to 1350° F
reduced the life of the root fastenings by a minimum factor of 25.

Lewls Flight Propulsion Laboratory
National Advisgory Commlttee for Aercnautlce
Cleveland, Ohlo, June 3, 1954
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APPENDIX ~ ROOT PROFILES

Many root forms have been proposed for fastening turbine blades to
the rotor. In figure 9 are lllustrated a few of the more Important basic
conflgurations, of which variations have been Introduced In recent years.
The percentages listed under each root type iIndlcate the amount of the
maximum available tenslile or shear area that was actually utilized by
each type. A 100-percent tenslle area of the blade root, for example,
would mean that the root neck of the blade touches those of adjacent
blades and no space 1s left for the wheel segment. Thus, 100-percent
tensile area 1s possible only if the blade is Integral with the wheel or
welded to it. The percentage shear area is obtalned by dividing the ac-
tual area of the blade or the wheel segment supporting the centrifugal
load in shear by the rim thickness multiplied by twice (double shear) the
radial penetration depth for the fir-tree root d. The depth of fir-tree
root was chosen so as to obtain a common basis for comparison. The actual
numerical values, of course, can be varied considerably by adJusting the
proportlons of each design. Considerable discretion was involved in de-
ciding the proportions to be used; all factors moSt be taken into account,
Including bearing loads, whesl Ef?éﬁé%ﬁj_and so forth. The percenitages
calculated are reasomably representative of the highest values obtainable
for practlcal conflgurations. The blade tensile area generally cen be in-
creased & 2) of either the shear areas or the tenslle ares of the
wheel, and vice versa.

By compar percentage values it can be observed that the ball root
has the highest shea¥ values, but low tensile values. In fact, the fir-

trée configuratlicon has tensile values almost twice those of the other
roots; and 1t is, therefore, appreclably more efficient than all the
other forms. It 1s for thls reason that only the -tres-rooct 8
been used extensively for ailrcraft gas turbines, although many other
roots have been tested. B

The flr tree has the highest percentage tensile area without loss in
ghear area, as a direct result of its multiland consitruction. The ten-
s8lle areas are large where the greatest tenslle loads are applied. The
number of serratlons can be reduced while stlll retaining this advantage
up to the point where only a single palr of gerrations remain and the fir-
tree root ls egsentlally reduced to the form of the other roots shown in
figure 9. Because the fir tree 1s apparently the strongest root for duc-
tlle materials, thls repont concentrates on determining design criteria
for the fir-tree serrations.
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3307

Root Operating loads, 1b Load~carrylng area, sgq in, Btresses at rated speed, psl |Rated
Tension |Shear,| Tenslon |Snear,| Tenaion |Shear,| Tension |Shear,| Tepsion |Shear,| Tension |Shear, enige
at hlade at rotor at blade at rotor at blade at rotor SPm ’
blade rotor hlade rotor blade rotor P
top bottom top bottonm top bottom
serration serration serration serration gerration aerration
neck neck
A 6,870 | 8,810 11,080 | 9,150 0.540 0.782 | 0.889 0.782 12,710 |11,270| 16,080 |11,700| 7,900
B 15,250 | 15,320( 17,710 |15,860( .909 1.002 .850 1.002 14,570 |15,2¢0| 20,840 [15,830( 7,953
C 20,750 |28,310| 36,870 {29,800| 1.335 2.024 | 1.180 1.831 15,540 |13,990| 31,250 |18,R70|11,750

TABLE TI. - LOAD-CORRECTION FACTORS

Blade|Tension,| Shear;, |Tension, | Shear,
blade |blede | rotor [rotor

A 1.0 1.283 | 1.613 |1.332
B 1.0 1,157 | 1.337 |L.197
c 1.0 1.365 | 1.777 |1.436

TZEFSE WH VOVN
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oSN NACA RM E54EZ21

R I

C-33545
Figure l. - Tensile specimen used to simulate turbine blade root.

Loge



3307 »

NACA RM ES54E21

gL~ o — ¥

‘1 e =k vy

{(a) Blade root A.

(b) Turbine rotor segment A.

Figors 2. - Dimensicns of three fir-iree roocte tested (inches)
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CW-3

(e) Blads root C, (f) Twbine rotor segment C.

Pamrs 8. ~ Conclndad, Dimonslons of three fir-tree roots tested (inches).
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Sy e e o -
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NACA RM ES4EZ21

C-35861

Figure 3. - Restraining firturs used in conjunction with specimens shown in figures 1 and 4.
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) C-31620
Tensile specimens used to simulats turbine rotor segment between adjacent blades.
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oBNRIDENDINA NACA RM E54E21

C-33546
Figure 5. ~ Notched tensile specimen for determining materlal properties.
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330T"

NACA RM ES4E21 ~unnm

21

Figure 6. - Unnotched test bar for determining tensile properties
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C-35179

of rotor materisl.
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C-3354T
strength

Figure T. - Specimen and loading fixture for determining shear
materials used.
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Termination

Shear planes
through lines of
contact termination

Rotor serration

of contact

Blade-root serrastion

Shear planes tangent
to tooth radii

l
'

|
-
<L

Radial line through center of gravity of blade

Figure 8. - Shear-plane locations used in computing shear stresses.
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24 L ] NACA RM E54E21

T root Ball root

q:‘-
4o 0

-l Q) ———

a Tension, a/b 35 % .Y

Blade { Bhear, cfd 299? .-5%%
Tension, e/f 35% 7%

Rotor { Shear, &/d. 5% 53 %
Wedge root Fir-tres root

7

AR -

- 1

Tension, a/b by &3 . 66 %
Blade {Shear, cfd 539 49% (cg +0p+ ..., eg)/a
Tension, oft  33% 6z
Rotor { Shear, g/d 38 % 9% (g +8y+ onen gg)/a
' "a—--—--—--—-Bla-de root temsion plane b Blads spacing at pletform
Ltk e R «—Wheel segment tension plane ‘d Penstration dapth of fir-trees root
Cmmmecm oo Blade root shear plsne £ Blede spacing at root
Gt s e Wheel segment shear plane

Figure 9. - Basio root configurationms.
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Load/in. of rim thickness, lb/in.

NACA RM EB4E21 VN 25
Feilure
4
5x10 O Tensile (blade)
8  Shear (rotor)
o
4 .
\
o] (.
3 L\\ﬁ& ;’L\
\ElK
2 \
1
. (a) Blage A.
5%10
(o}
4 —oP
X‘\D\
\\\:
3 T
T~
2 \\
1 2
0 4 8 8 10 12 14 16X10

Figure 10. - Short-time tensile-test results at various temperatures for

blade A and B specimens.

Temperature, op
{b) Blade B.
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Ultimate strength, pei

NACA RM ES4EZlL

L]
15%104
[=]
14 Failure
A Tensile (ref. 2)
O Tensile (bars, fig. &)
‘\ O Shear (pins, fig. 7)
13 i

12 ~
I\
N g
1 - \\
F 3
. N

8 ‘\\
7 SuN NN
T ™ Iy
. o\\\> o\
AN \
. N
\% \A
4 \\ \
\ )
5 \
b

Temperature, °F
(a) Timken 16-25-8.

Figure 11. - Short-time tensile and shear properties of turbine blade and
rotor materials at various temperatures.

16x102
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Ultimate strength, psi

. CW-4 back
12x104
Failure
11— —— ——— Tengile (ref. 3)
v Shear (pins, fig. 7)
10 v ‘\\\\
9
‘\‘x\ {
B h
.
‘\\\\\
7 \\\
4 \ ~
™,
AT
b \\\\
0 2 8 8 10 12 14

Figure 11. ~ Continued.

Tempersature, °F
(b) Btellite 21.

Short-time tensile and sheer propertles of turbine

blade and rotor materials at various temperatures.

16%102
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Ultimate strength, psi

ARESER A NACA RM EB4E21

15104
Feilure
O Tensile (ref. 4)
142 4 Shear (pins, fig. 7)
\&
15 —O |
N
12 4?
ne
1 AER\ ‘\\\\
10
. \ °
~N o
of \
h\\ﬁk\\\\ q)\
8 \5¥< 4\\
7 \
NCT R
o
| RN,
5 22
E : * ¢ e 10 12 14 16x102

Temperature, OF

(c) s-8186.

Figure 1l1. - Concluded. Short-time tensile and shear properties of turbine

blade and rotor materials at various temperatures.
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Load/in. of rim thickness, 1b/in.

4
7.5x10 Fellure
M ] Tensile {16-25-6 rotor)
\ —— —— Shear (HS-21 blade)
7.0 ~ — Shesr (16-25-6 rotor)
° \\ ‘\\\\ -— Tensile (HS-21 blade)
N N o Tensile (blede)
\\\ ~ o Shear (rotor)
6.5 S
N
\\ \\
N
N N N
N\
\\ N N
N ™~ \\\
5.5 AN e
N, < \
~
.
. ~ .
- ~N 1 N\
~L _ AN
N \ N
4.5 o N
| N \
‘~\\\\ \
4.0 > \
~. N
3.5 [~ ]
s\\\~\ i\\
Q = —83
5.0 ° P~ \\
) JP‘\\*\ '
\\.
o [\
2.5 \
\
2.0 \
1\
o\
1.5 — .
0 2 4 5 8 10 12 14 16x10

Temperature, oF
(a) Blade root A.

Figure 12. - Mechanism of short-time failure as result of variations in
temperature. . S
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Load/in. of rim thickness, lb/in.

5.5x10%
\\
N\ .
) N N
5.0 \\ \\
N NG
N ~N N
4_5 %‘ ~ \ \ \\
- ~ "~ - N\
4.0 o M ™ \\ N~ -~ \
‘ ~ A~ T
~ ~
~— ™~ A
P ~ N
3.5 ~ ™ ™
o ™~ N
o | \ ) ‘\\
3.0 5o \ T\
(m A
A\
2.5
\ N
D LY
Fallure . \\
2.0 Tensile (16-25-6 rotor)
—— ~—— Shear (HS-21 blede)
- Shear (16-25-86 rotar) "y
—— —— Tensile (HS-21 blade) \
1.5 O  Tensile (blede) \
o Shear {rotor) \ \
|\
1.0 \\
.5

<IN NACA RM ES54EZ1

2 4 6 8 10 12 14 16x10%
Temperature, °F

(b) Blade root B.

Figure 12. - Continued. Mechanism of short-time failure as result of vari-
ations in temperature.
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Load/in. of rim thickness, 1b/in.

NACA RM ES4E21 ] 31
1
ot N
N
]
N
10
N
T <
9 ~C
~
e
AN ~ J
8 _— I~
ﬂs‘t;::‘- N.‘\\~
S
—< ~ ~
\\ \ - N
= —
"‘-F\\\ \\‘\~
™ - ~
¢ T~ ) ‘\\\
= 1 ——
5 - \\ -~ \
AY . ~ K
. Failure \\7
4 Tensile (16-25-6 rotor)
—— —— Sheer (HS-21 blade) \
— Shear (16-25-6 rotor) X
——— —— Tensile (HS-21 blade) \\
3 \\
A\
25 2 s 6 8 10 12 14 16x10%

Figure 12. - Concluded.
etions in temperature.

Temperature, Op
(c) Blade root C.

Mechanism of short-time failure as result of varili-
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Effective load/in. of rim thickness, 1b/in.

— NACA RM E54E21
5.0x104=‘
N\
5.5 .
\\
N N
5.0 \\‘j\
N
~N
N
4.5 i
~S N
N T ~
< b 7
I~ . T~ ™
4.0 n 3 N ‘><;\ ]
~L 3 N -
3.5 ‘\r . N\ \\
-\\~<‘;\\. \,k\\\
N
\\ N
2.5
Failure \C\\
—~—————— Tensile (rotor) \
—— ~——  Shear (blade) \ A
2.0 -  Shear (rotor)
~—— —~ Tensile (blade) \\\
\
1.5 \\‘
N
1.0
0 2 4 6 & 10 1 .

Temperature, Op

(a) Blade roat A.

16x102

Pigure 13. - Corrected strength data to account for centrifugal field during

engine operation.
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S
R
5.0x10%
N
N'
Xl
4.5 NS
—
\‘\\\\\\ .
N\ \
4.0 N .
* ~
~ -~
A ™~ 1 \\\
- 3.5 .
% \\ -~ \ \\ N
ﬁ by NS
~ <
[Te] s ~ \\.
i 3 | \ R
ES i 3.0 ~TZ ::\\
g ~ \ y
% N N
3 ~d \
ﬁ 2.5
=
: 3 AN
&
p N\
Q
> 2.0
o4
§ Failure ‘N
sl ——————— Tensile (rotor)
" —  —— Shear (blade)
1.5 — Sheer (rotor)
———~— Tensile (blade)
1.0 \\Q\\
5 2 4 6 8 10 12 14 16x102

Temperature, oF
(v) Blade root B.

Figure 13. - Continued. Corrected strength data to account forxr centrifugal
fleld during englne operation.



Effective load/in. of rim thickness, 1b/in.

CRRMEINEED NACA RM E54EZ21

Fallure
————— Tensile (rotor)
~—— —— fBhear (blade)
— GShear (rotor)
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Figure 13. - Concluded. Corrected strength data to account for centrifugel
field during englne operation. [ .
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Stress, psi

7 CW-5 back T Ter
. ., W 3307,
Bpacimen
a Root, made from rotor,
Timken 16-25-8
<  Hhear pins, B8-818
0 Root, Timken 16-25-6
A Rotched tensila,
Stellite 21
Failure
———— MTensile (rotor)
" ——~—— Bhear (blade)
10x10 ———~  Bhear (rotor)
——— = Tensile (blade)
Btress-ru e
& - —]
~—6 Ao
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(a) Blade root A.

Figure 14. - Stress-rupture results determined at 1200° ¥,
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Specimen
Unnotched tensile, Timken 18-25-§
Shear pins, 8-816
Root, Timken 16-25-6
Notched tensile, Stellite 21

bod¢d

Fallure

—————— Tepsile (rotor)
—— Shear Ehla.dag

4 — — Shesr (rotor
10% 10 ~—— == Tensile (blede)

Stress-rupture
8 Al A = A [ & A
e — A T —1_ _]
gl ¢ . [ ————
e O [ — o__ =

- - L
% . F— ] =
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g 0 — -_
2 Bl o o

2 Operating stresa T

+H— .
“ﬁ“ -
1 I
1 .2 4 .8 1 2 4 3 10 20 40 6 100%10°
Time, hr

(b) Blade root B.

Figure 14. - Continued. Btress-rupture results determined st 1200° F.
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Stress, pei
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Specimen
O Root, made from rotor, Timken 18-25-5
< Ghesr pine, 6-816
P Shear pins, Timken 16-25-§
d Kotched tensile, B-816
Peilure
———— Tensils (rotor)
—— —— fhear (blada
. ——— —  fhear {rgtor
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o —] = --::2_ ]
4 -] v
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— + + — A e e = CT
T i RERhis ]
1
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(c) Blade root C.
Pigure 14. - Conoluded. Strems-rupture regults determined at 1200° P,
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Streasg, pei

&
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10x10 Specimen
[m] Root, made from rotor
v Unnotched tensile
5 b Shear ping
Failure
4 Tensile {rotor)
———~  Bhear (rotor)
Strees-rupture
el ]
—
Einnst
—
2 ——
-_l?-.-___ 1 ]
=~ FOperating atrees
s -ﬁ\"“r -~ o " j -
1 A
.1 .4 N 1 2 4 10 20 40 60 100x10
Time, hr

(a) Blade root A.

Figure 15. - Btress-rupture data for turbine rotor st 1350° F. Specimens of Timken 16-25-6.
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Stress, psi
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10,‘104L Specimen
\' Umnctehed tensile
b Shear pins
6 o Root
Fallure
. Tensile {rotor)
~———~ ghear (rotor)
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2 — A
0 -.L? i +__ L Opel‘ﬂ.ting streas
- - I e ~ - . -
b — B o ® N o
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1 .2 4 1 2 4 [ 10 20 40 80
Time, hr

Figure 15. - Continued.

{b) Blade root B.

Btress-rupture data for turbine rotor at 1350° P,

Specimens of TYmken 16-25-6,

100%102

T2EFSH WH VOVN

8%




Streass, psi

ov

4
10%10 Specimen
o Root, mede from rotor
b Shear pins
3 Fallure
w=———  Tensile (rotor)
~——=  Shear {rotor)
4 £} 11
—]
l Stress-rupture [ T~ |
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2 \ e -3 I -
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- - - - - —- ~f 1 .
[ —
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(c) Blade root C.

Flgure 15. - Concluded,

Stress-rupture dets for twrbine rotor at 1550° F.

Specimens of Timken 18-25-8.
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Stress, psi
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Notch Source Failure
radius,
in.
—_—— Ld Ref. 3 Tensile
(o} 0.0135 Fig. 14(a) Tensile
A .025  Fig. 14(b) Tensile
v Shear
10x10%
A v J
Tt —1 ] | — A
6 N B e )
, —7 I
2 2
.06 1 .2 .6 1 2 4 10x10
Time, hr

(a) Tensile properties of Stellite 21 at 1200° F.
p

Figure 16. - Effect of serration fillet radius on stress-rupture properties of turbine blade

and rotor materials.
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Stress, psi

Notch Source Failure
radius,
in.
- w0 Ref. 4 Tensile

4 0.025 Fig. 14(c) Tensile
<o Fig. 14(c) Shear

1ox10*
6 ') . K‘ [ _h._.__- _
b ————
— T -
4
e 2
.06 .l .2 4 .6 1 2 4 8 10x10
T™ne, hr

(b) Tensile properties of 8-816 at 1200° F.

Figure 16. - Continued. Effect of serration fillet radius on stress-rupture properties of
turbine blade and rotor materiala.
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Flgure 18. - Continued.
materials.

(c) Eheer properties of Mmken 16-25-6 at 1200° and 1350° F.

Effect of serretlon fillet radius on stress-rupture properties of turbipe blade and rotor
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Fotch Source
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jin.
— - Ref. B
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& - Ref. B
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{3) Tensile properties of Timken 16-25-8 at 1200° F.

‘Figure 16. - Continued. Effect of serration fillet radius on gtreas-rupture properties of turbine blade and roter
materials.
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Stress, pal
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radius,
1n,
- - Ref. 8
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{e) Tenslle propertiss of Timken 16-25-5 at 1350° F.

Pigure 168. - Concluded. Effect of serration fillet radius on strese-rupture properties of turbine blade apd rotor

materigla.
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